Background: Stereopsis is the accurate awareness of relative depth necessary for efficient hand-eye coordination and navigation. A popular brand of sunglasses claims to enhance depth perception.
Introduction
Stereopsis is the fusion of horizontal retinal image disparity which gives rise to the perception of relative depth and distance. 1 Even though not essential for the perception of depth, stereopsis allows for the accurate judgement of distances between two objects which complements efficient hand-eye coordination and navigation, particularly at intermediate distances. 2, 3, 4 Stereoacuity, the clinical measurement of stereopsis, is expressed in seconds of arc (arcsec) and represents the smallest horizontal retinal image disparity resulting in the perception of depth. 5 The lower the stereoacuity, the better the stereopsis. Stereoacuity is often measured in a clinical setting and has applications in the assessment of binocular vision including screening for amblyopia, aniseikonia and anisometropia. 6 Stereopsis is affected by many factors including anisometropia, high ametropia, reduced visual acuity, sensory and/or motor fusion dysfunctions and retinal illumination. 7, 8 Retinal illumination can be altered with tinted lenses. 9, 10 Tinted lenses reduce the transmission of certain wavelengths of light, and therefore protect against harmful radiation; enhance contrast sensitivity and colour perception; and alleviate photosensitivity. 1 Many tinted lenses are also used to reduce light scatter. 11, 12 Tinted lenses are being used more frequently for everyday tasks and are available in a variety of colours. 13 Particularly, people involved in outdoor activities such as drivers, pilots and sportsmen use tinted lenses more often. Sportsmen commonly use tinted lenses to enhance visual performance including visual acuity and contrast sensitivity. 14, 15 A popular brand of sunglasses comprising of the tints persimmon, black iridium and G30 is claimed to enhance depth perception. 16 However, no research studies are available to validate this claim.
Most of the previous studies 6, 17, 18, 19 are limited by their exclusive focus on near stereoacuity. As tinted lenses are used for both professional and recreational activities performed at intermediate and distant viewing distances, it is important to investigate the effect of the tinted lenses on distance stereoacuity. Furthermore, tinted lenses may be worn under different illumination levels. Therefore, the aim of this study was to investigate the effect of Oakley tinted lenses on distance stereoacuity under varying retinal illumination levels.
Methods
The study employed an experimental pretest-post-test research design and was conducted at the University of KwaZulu-Natal, Westville campus. Study participants (n = 40) were selected using convenience sampling. Participants were aged between 18 and 28 years, of either gender and of any race, with unaided monocular and binocular visual acuities of 6/6. Participants with ocular or systemic illnesses, strabismus or uncompensated heterophorias were excluded.
The Howard-Dolman apparatus is probably the gold standard for distance and near stereopsis and was used to measure distance stereoacuity. 20, 21 Each participant was aligned at eye level with their chin and forehead securely against the rests to eliminate monocular cues to depth. 22 Participants were instructed to align the movable test rod, by pulling on strings, such that it appeared adjacent to the fixed rod in the horizontal plane. The separation (disparity) between the two rods in millimetres was incorporated in a mathematical formula, mentioned below, to determine the stereoacuity in arcsec 8, 11 :
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Distance stereoacuity was measured with five lenses which included a white plano CR39 lens and four plano-tinted plutonite (lens material of this brand of sunglasses) lenses. The four tints with their respective transmission values displayed in brackets included persimmon (61%), light grey (38%), G30 (30%) and black iridium (10%). The white CR39 lens, with 100% transmission, served as the placebo. Habitual stereoacuity was measured with no lens which served as the control.
Stereoacuity was assessed under photopic (normal room illumination), mesopic and scotopic conditions simulated using neutral density filters (NDFs). Neutral density filters decrease the mean illumination but have no effect on the physical contrast of the stimuli. 19 The 1.2 NDF (6.3% transmission) and the 1.5 NDF (3% transmission) were used to simulate mesopic (moderate light levels) and scotopic conditions (very low light levels), respectively. Thus, stereoacuity for each participant was assessed at three different illumination levels starting with no lens (control) followed by measurements with the white lens (placebo) and the four tinted lenses. The five lenses were randomly presented, in the same illumination level, to minimise any learning effects. 18 Furthermore, stereoacuity was assessed by the same clinician to ensure standardisation where the average of three measurements was computed and recorded as the mean stereoacuity.
Data were captured and analysed with the Statistical Package for Social Sciences (SPSS) version 22. The Shapiro-Wilk's test and graphical inspection of the distance stereoacuity histograms were used to assess normality of the data. The Friedman test, for repeated measures, was used to assess differences in mean stereoacuity with each lens at the three illumination levels. The independent sample t-test was used to assess gender differences in habitual stereoacuity. Paired sample t-tests were used to assess stereoacuity differences between the control and each of the five lenses. Significance was set at the 95% confidence interval with a p-value of ≤ 0.05 considered as statistically significant. The data are presented with means and the standard deviation (SD) in parentheses wherever applicable.
Ethical considerations
Data collection commenced once ethical approval was obtained (SHSEC 029/14) and tenets of the Declaration of Helsinki were adhered to. Informed consent was obtained from all participants.
Results
Forty participants comprising of 25 females and 15 males aged between 18 and 28 years (mean of 21.35 ± 2.27 years) were included. The mean habitual stereoacuity, with the standard deviation in brackets, in photopic, mesopic and scotopic conditions, were 11.29 (8.37), 22.44 (18.34) and 19 .80 (15.86) arcsec, respectively. The habitual stereoacuity was significantly different at the three illumination levels (c 2 = 12.636, p = 0.002) where better stereoacuity was noted in photopic compared to mesopic and scotopic conditions. A similar trend was seen for each tinted lens where the mean stereoacuity measurements were significantly different in the three illumination conditions (G30 c 2 = 10.205, p = 0.006; persimmon c 2 = 9.600, p = 0.008; light grey c 2 = 11.962, p = 0.003; black iridium c 2 = 10.706, p = 0.005). At all three illumination levels, the white lens produced slightly higher (2-5 arcsec) stereoacuity measurements as compared to the habitual stereoacuity although these differences were insignificant (photopic p = 0.32; mesopic p = 0.23; scotopic p = 0.23). Male participants showed insignificantly better habitual stereoacuity compared to females under photopic ( Figure 1 shows the mean stereoacuity at distance under photopic conditions with no lens (control) versus the five tinted lenses. The tinted lenses are arranged in order of decreasing transmission values. All five lenses produced higher mean stereoacuity measurements, indicating a decline in stereopsis, versus the control. However, the change in stereoacuity for each of the five lenses compared to the control was statistically insignificant (p > 0.05). The greatest change of almost 4 arcsec was seen with the persimmon and light grey tints. Figure 2 illustrates the mean stereoacuity at distance under mesopic conditions with no lens (control) versus the five tinted lenses. Compared to photopic conditions, the habitual stereoacuity had almost doubled. Similar to photopic conditions, higher stereoacuity measurements were noted with all five tinted lenses even in mesopic conditions which again were not significantly different from the control (p > 0.05). The greatest change in stereoacuity, corresponding to almost 8 arcsec, was noted with the persimmon tint. Interestingly, the G30 and black iridium lenses produced smaller stereoacuity changes compared to the white lens. Figure 3 illustrates the mean stereoacuity at distance under scotopic conditions with no lens (control) versus the five lenses. The habitual mean stereoacuity was higher in scotopic conditions compared to photopic but lower than that in mesopic conditions. Compared to the control, all five lenses produced higher mean stereoacuity measurements with the differences ranging between 3.02 and 10.38 arcsec. With the exception of light grey, the change in mean stereoacuity noted with each lens compared to the control was statistically insignificant (p > 0.05). As compared to the control, light grey produced the greatest change in stereoacuity of almost 10 arcsec (p = 0.012).
Discussion
Under photopic conditions, the mean habitual distance stereoacuity was 11.29 (8.37) arcsec, which is in line with the expected distance stereoacuity of 14 arcsec or less when measured with the Howard-Dolman instrument. 11 In both mesopic and scotopic conditions, the mean habitual distance stereoacuity was lower compared to photopic conditions. Two independent mechanisms are responsible for depth: one that is sensitive to luminance contrast and the other that is sensitive to chromatic contrast. 23 Luminance contrast refers to the difference in brightness of two or more objects and would have been the primary influence on stereopsis as illumination was changed from photopic to mesopic and then to scotopic conditions with the aid of NDFs. As the illumination decreased, the stereoacuity was found to increase implying a reduction in distance stereoacuity compared to that under photopic conditions. Furthermore, the notable change in mean stereoacuity measurements of each lens (range between 8 and 15 arcsec) under the different lighting conditions confirms that stereoacuity is dependent on illumination. 19 This is in line with previous studies which have noted that stereopsis is present but reduced when retinal illumination levels are decreased. 18, 19, 24 The influence of luminance contrast on stereopsis may be related to the duplicity theory of vision. 19 
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No lens Tint involved in the resolution of detail and colour, hence allow for better stereopsis. On the other hand rods, which are maximally functional under scotopic conditions and have poor spatial resolution, hence affect stereoacuity negatively. Interestingly, stereoacuity measured under mesopic conditions exhibited a greater reduction in stereopsis compared to both photopic and scotopic conditions except with the light grey and black iridium tints. Under mesopic conditions, both cones and rods may be functional although not at their optimal. As rod activity may be inhibited by cone activity, this may have resulted in poorer stereopsis than that found under both photopic and scotopic conditions. 26 Pupil size is another consideration when assessing stereopsis. Lovasik and Szymkiw 17 found that pupil sizes less than 2.5 mm cause a significant drop in stereoacuity. In this study, even though pupil size was not measured, NDFs used to alter retinal illumination could have had an effect on the pupil size, that is, an increase in pupil size with reduced illumination levels and hence increased stereopsis.
Chromatic contrast is created by a difference in the wavelength of light reflected by two or more objects, which was created by comparing the effect of tints of varying transmission values on stereoacuity. While the change in illumination had a significant effect on stereoacuity, the change in transmission value within each illumination level did not have a statistically significant effect on stereoacuity when compared to the control and the various tinted lenses. This supports the theory that luminance contrast has a greater effect on stereoacuity than chromatic contrast. 23 All lenses (transmission values ranging from 10% to 100%) resulted in poorer stereoacuity as compared to the control under all three illumination levels but the change was only significant for light grey (38% transmission level) in scotopic conditions where the mean stereoacuity was 10.38 arcsec higher than the control. Hence, a change in the transmission levels of lenses does not have a statistically significant effect on stereoacuity.
Interestingly, the persimmon and light grey tints which had the higher transmission levels (61% and 38%, respectively) compared to the other two tints resulted in a greater reduction in stereopsis under both photopic and mesopic conditions. This brings into question whether the colour composition of the tint may have had an effect on stereoacuity independent of its transmission level. Chromatic contrast is reported to have poor stereoacuity, is less sensitive to contrast, has a smaller disparity range and has a poorer ability to encode stereoscopically defined shapes. 18, 19, 20, 21, 22, 23 It was noted that persimmon (orange) and G30 (rose pink) absorb shorter wavelengths more than longer wavelengths. Rods tend to be more sensitive to the shorter wavelengths, while cones are more sensitive to longer wavelengths, 19, 25, 26 which may account for stereoacuity differences among different tints for varying illuminations. The light grey and black iridium, on the other hand, based on their grey colour may be expected to behave in a similar way to a neutral density filter and therefore absorb different wavelengths equally, and thus not change stereoacuity significantly.
No previous studies of the effect of tinted lenses on distance stereoacuity were found to allow for comparison to the results of this study. Mehta et al. 18 investigated the effect of five different levels of illumination simulated with NDF filters and tinted lenses (pink, blue, brown, grey, yellow green, green, all of Grade B depth) on stereoacuity as measured by the Titmus Fly stereotest at near stereoaucity. It was found, as in this study, that there was a significant decline in stereopsis as the level of illumination decreased but near stereoacuity was decreased with tinted lenses. Mehta et al. 18 attributed their findings to luminance and chromatic contrast.
In this study, the NDFs were introduced binocularly as this would be representative of 'real-world situations' when using tinted lenses. However, stereopsis is expected to be affected more when there is a monocular change in illumination often when using NDFs between 1.4 and 1.7. 6, 17, 19 This implies that binocular illumination may need to be severely reduced before a significant change in stereoacuity is noted which may account for statistically insignificant changes recorded in this study, particularly with the lenses of varying transmission levels. Furthermore, high spatial frequency targets are affected more by changes in mean illumination than low spatial frequency targets. 19 Insignificant changes in stereopsis found in this study may be related to the design of the Howard-Dolman apparatus, being a local stereopsis test with a test rod that can be considered as a low spatial frequency target. 11 In clinical research, in addition to analysing data for statistical significance, clinically significant differences should also be considered. In stereopsis tests, clinical measurements of stereoacuity are calculated in logarithmic (log) steps. Under photopic conditions, the stereoacuity of the control was 11.29 arcsec with one log step higher, being 14.21 arcsec. A 2.92 arcsec difference may therefore be considered as clinically significant. Both the persimmon and the light grey tints produced clinically significantly poorer stereoacuity under photopic conditions. Similarly, under mesopic conditions a difference of 5.81 arcsec compared to the control could be considered as clinically significant. The mean stereoacuity with the persimmon tint changed by 8 arcsec and may therefore be considered as clinically poorer stereoacuity. Poorer stereoacuity, which was clinically significant, was also recorded with the light grey and black iridium tints under scotopic conditions (a difference of more than 5.13 arcsec compared to the control).
When considering the neuroanatomical aspects of stereopsis, it is evident that the phenomenon of stereopsis is not entirely physiological as there are limitations of the perception of stereoscopic depth occurring within a defined range of disparities. A stimulus to disparity creates a psychic experience, and hence, there are often variations found when comparing individuals' responses to clinical tests. 7, 11 Stereopsis can also be described as either patent or qualitative. Patent or obligatory stereopsis is always of the same character and is compulsory to disparate retinal images. Qualitative stereopsis has larger disparities and is more susceptible to alteration of its character by changes in the external environment. 7 Binocular parallax and monocular cues to depth play a major role in the appreciation of stereopsis, especially at distance. In this study, binocular parallax and monocular cues to depth were both eliminated under the testing conditions. It would therefore be clinically valuable to assess distance stereopsis in a real environment in which these cues are present and under varying environmental illumination levels. In this way, the effect of tinted lenses on stereopsis in a real environment can be assessed. Furthermore, a greater variety of lenses (in terms of transmission values and colour compositions) can be tested on subjects including those with refractive errors. However, this study did not assess depth perception which may involve other aspects like monocular cues to depth and not just retinal disparity.
Conclusion
Good stereopsis is essential in sporting activities as they often involve complex visual tasks and hand-eye coordination. It is expected that the tinted sunglasses as marketed by a popular sporting brand would be used primarily by individuals in sporting codes like cricket, bowling and cycling in which stereopsis, particularly at distance, would be an important visual factor to enhance sporting performance. This study has not been able to verify the claim that some of the tints are able to enhance stereopsis as they were found to actually reduce stereoacuity, particularly under varying illumination. Some of the sporting codes like cricket may be played under varying illumination levels as well. Reduced illumination levels in conjunction with the tinted lenses were found to actually reduce stereoacuity, and this should be considered when prescribing tinted lenses.
